The population of large 100+ km asteroids is thought to be primordial. As such, they are the most direct witnesses of the early history of our Solar System available. Those among them with satellites allow study of the mass, and hence density and internal structure. We study here the dynamical, physical, and spectral properties of the triple asteroid (107) Camilla from lightcurves, stellar occultations, optical spectroscopy, and high-contrast and high-angular-resolution images and spectro-images.
Introduction
Main belt asteroids are the remnants of the building blocks that accreted to form terrestrial planets, leftovers of the dynamical events that shaped our planetary system. Among them, large bodies (diameter larger than ≈100 km) are deemed primordial (Morbidelli et al., 2009) , and contain a relatively pristine record of their initial formation conditions.
Decades of photometric and spectroscopic surveys have provided an ever-improving picture of the distribution of material in the inner solar system (e.g. Gradie and Tedesco, 1982; Burbine et al., 1996 Burbine et al., , 2002 Bus and Binzel, 2002a; Rivkin et al., 2002 Rivkin et al., , 2006 Vernazza et al., 2008 Vernazza et al., , 2010 Vernazza et al., 2014; DeMeo and Carry, 2014 ), yet these studies have probed the composition of the surface only. As such, they do not necessarily lead us to the original location and time scales for the accretion of these blocks, which are key to understanding the important processes in the disk of gas and dust around the young Sun.
These issues can be addressed by studying the internal structure of asteroids: objects formed far from the Sun are expected to be composed of various mixtures of rock and ice, while objects closer to the Sun are expected to be volatile-free. Depending on their formation time scale, the amount of radiogenic heat varied, leading to complete, partial, or no differentiation. In that respect, density is clearly the most important remotely measurable property that can constrain internal structure (Scheeres et al., 2015) .
Determination of density requires measurement of mass and volume, and for that, large asteroids with satellites are prime targets (Merline et al., 1999 (Merline et al., , 2002 Marchis et al., 2008b,a; Carry et al., 2011; Margot et al., 2015) . The study of the orbits of satellites within asteroid binaries or multiple systems is currently the most precise method to estimate the mass of the primary asteroid. If the primary also happen to have an angular diameter large enough to be spatially resolved by large telescopes, this also allows an accurate determination of the primary's volume. In addition, the orbits of the satellites themselves offer a way to probe the gravity field, related to mass distribution inside the asteroid Marchis et al., 2014) .
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2001 by Storrs et al. (2001) , using the Hubble Space Telescope (HST), and its orbit first studied by Marchis et al. (2008a) using observations from large ground-based telescopes equipped with adaptive-optics (AO) systems. Its second satellite, S/2016 (107) 1 (hereafter S2), was discovered in 2016 by our team , using the European Southern Observatory (ESO) Very Large Telescope (VLT).
Camilla was originally classified as a C-type based on its visible colors and albedo (Tedesco et al., 1989) . Later on, both Bus and Binzel (2002a) and Lazzaro et al. (2004) classified it as X, based on visible spectra. More recently, based on a nearinfrared spectrum from NASA IRTF Spex, Lindsay et al. (2015) classified Camilla as either Xe or L.
The physical properties of Camilla have been extensively studied, from its rotation period of 4.8 h (e.g., Weidenschilling et al., 1987; di Martino et al., 1987) to its spin and 3D shape model (Torppa et al., 2003; Ďurech et al., 2011; Hanuš et al., 2013 Hanuš et al., , 2017 . Its diameter, however, was poorly constrained, with estimates ranging from 185 ± 9 km (Marchis et al., 2006) to 256 ± 12 km . More recent studies combining images or stellar occultations with lightcurve-based 3D shape modeling, are yielding diameters in excess of 220 km (see Table B .1 for the exhaustive list of mass estimates). With these large spread of values, deriving an accurate density would require substantial improvements to these parameters.
Gathering all the available disk-resolved and high-contrast images from HST and AO-fed cameras, optical lightcurves, stellar occultations, and visible and near-infrared spectra (Section 2), we present an extensive study of the dynamics of the system (Section 3), of the surface properties of Camilla and its main satellite S1 (Section 4), and of Camilla's spin and 3-D shape (Section 5), all constraining its internal composition and structure (Section 6).
Observations

Optical lightcurves
We gather the 24 lightcurves used by Torppa et al. (2003) to create a convex 3-D shape model of Camilla 1 , compiled from the Uppsala Asteroid Photometric Catalog 2 (Lagerkvist and Magnusson, 2011) . We also retrieve the three lightcurves reported by Polishook (2009) .
In addition to these data, we acquired 29 lightcurves using the 60 cm André Peyrot telescope mounted at Les Makes observatory on Réunion Island, operated as a partnership among Les Makes Observatory and the IMCCE, Paris Observatory. We also extracted 63 lightcurves from the data archive of the Super-WASP survey (Pollacco et al., 2006) (Parley et al., 2005; Grice et al., 2017) .
A total of 127 lightcurves observed between 1981 and 2016 (Table A .1) are used in this work.
High-angular-resolution imaging
We compile here all the high-angular-resolution images of Camilla taken with the HST and large ground-based telescopes equipped with AO-fed cameras: Gemini North, ESO VLT, and W. M. Keck, of which only a subset had already been published (Storrs et al., 2001; Marchis et al., 2008a) . All of these data sets were acquired by the authors of this paper. The data comprise 62 different epochs, with multiple images each, spanning 15 years, from March 2001 to August 2016.
The images from the VLT were acquired with both the first generation instrument NACO (NAOS-CONICA, Lenzen et al., 2003; Rousset et al., 2003) and SPHERE (Spectro-Polarimetric High-contrast Exoplanet REsearch, Fusco et al., 2006; Beuzit et al., 2008) , the second generation extreme-AO instrument designed for exoplanet detection and characterization. The images taken with SPHERE used its IRDIS differential imaging camera sub-system (InfraRed Dual-band Imager and Spectrograph, Dohlen et al., 2008) . Images taken at the Gemini North used NIRI camera (Near InfraRed Imager, Hodapp et al., 2003) , fed by the ALTAIR AO system (Herriot et al., 2000) . Finally, observations at Keck were acquired with NIRC2 (NearInfraRed Camera 2, van Dam et al., 2004; Wizinowich et al., 2000) . We list in Table A .2 the details of each observation.
The basic data processing (sky subtraction, bad-pixel removal, and flat-field correction) was performed using in-house routines developed in Interactive Data Language (IDL) to reduce AO-imaging data (see Carry et al., 2008 , for more details).
High-angular-resolution spectro-imaging
In 2015 and 2016, we also used the integral-field spectrograph (IFS) of the SPHERE instrument at the ESO VLT, aiming to measure the reflectance spectrum of Camilla's largest satellite S1, and the astrometry of the fainter satellite S2. The observations were made in the IRDIFS EXT mode (Zurlo et al., 2014) , in which both IRDIS and the IFS data are acquired simultaneously. In this set-up, the IFS covers the wavelength range from 0.95 to 1.65 µm (YJH bands) at a spectral resolving power of ∼30 in a 1.7 ×1.7 field of view (FoV), while IRDIS operates in the dual-band imaging mode (DBI, Vigan et al., 2010) with K 12 , a pair of filters in the K band (λ K 1 = 2.110 µm and λ K 2 = 2.251 µm, ∼0.1 µm bandwidth), within a 4.5 FoV. All observations were performed in the pupil-tracking mode, where the pupil remains fixed while the field orientation varies during the observations. This mode provides the best PSF stability and helps in reducing and subtracting static speckle noise in the images.
For the pre-processing of both the IFS and IRDIS data, we used the preliminary release (v0.14.0-2) of the SPHERE Data Reduction and Handling (DRH) software , as well as additional in-house tools written in IDL, including parts of the public pipeline presented in Vigan et al. (2015) . See our recent works on (3) Juno and (6) Hebe for more details (Viikinkoski et al., 2015; Marsset et al., 2017) . We used the DRH for the creation of some of the basic calibrations: master sky frames, master flat-field, IRDIFS spectra positions, initial wavelength calibration and flat field. Before creating the data cubes, we used IDL routines to subtract the background from each science frame and correct for the bad pixels identified using the master dark and master flat-field DRH products. This step was introduced as a substitute for the bad pixel correction provided by the DRH. Bad pixels were first identified using a sigma-clipping routine, and then corrected using a bicubic pixel interpolation with the MASKINTERP IDL routine. The resulting frames were then injected into the DRH recipe to create the data cubes by interpolating the data spectrally and spatially.
Stellar occultations
Eleven stellar occultations by Camilla have been observed in the last decade, mostly by amateur astronomers (see Mousis et al., 2014; Dunham et al., 2016a) . The timings of disappearance and reappearance of the stars, together with the location of each observing station are compiled by Dunham et al. (2016b) , and publicly available on the Planetary Data System (PDS 3 ). We converted the disappearance and reappearance timings (Table A.3) of the occulted stars into segments (called chords) on the plane of the sky, using the location of the observers on Earth and the apparent motion of Camilla following the recipes by Berthier (1999) . Four stellar occultations had multiple chords; other events had only one or two positive chords, and contributed less to constraining the size and apparent shape of Camilla. In none of these eleven stellar occultations was there any evidence for a companion. We list in Table A .4 the details of the seven events that we used.
Near-infrared spectroscopy
On November 1, 2010, we observed Camilla over 0.8-2.5 µm with the near-infrared spectrograph SpeX (Rayner et al., 2003) , on the 3-meter NASA IRTF located on Mauna Kea, Hawaii, using the low resolution Prism mode (R = 100). We used the standard nodding procedure for the observations, using alternately two separated locations on the slit (e.g., Nedelcu et al., 2007) to estimate the sky background. We used Spextool (SPectral EXtraction TOOL), an IDL-based data reduction package written by Cushing et al. (2004) to reduce SpeX data.
Dynamical properties
Data processing
The main challenges in measuring the position and apparent flux of the satellite of an asteroid results from their subarcsecond angular separation and high contrast (several magni- show a typical AO image, before and after halo subtraction: Camilla dominates the background and makes the satellites hard to detect. The remaining panels show halo-subtracted images from different dates, with small circles indicating the positions of the bright satellite S1 and the fainter S2 (frames 9 and 10 only). On these panels, the images before subtraction are also shown in the central circle to highlight the elongated shape of Camilla. tudes), combined with imperfect AO correction. A typical image of a binary asteroid (Fig. 1 ) displays a central peak (the asteroid itself, angularly resolved or not) encompassed by a halo (its diffused light), within which speckle patterns appear. The faintness of these speckles, produced by interference of the incoming light, make them very similar in appearance to a small moon with a contrast up to several thousands, and they can be misleading. Speckles, however, vary (position and flux) on short timescales, depending on the ambient conditions and AO performances (e.g., seeing, airmass, brightness of the AO reference source). These fluctuations can be used to distinguish genuine satellites from speckles.
As for the direct imaging of exoplanets, it is crucial to substract the halo that surrounds the primary (in a similar way to the digital coronography of Assafin et al., 2008) . Because asteroids are also marginally resolved, their light is not fully coherent, and the speckle pattern is not as stable in time, nor simple, as in the case of a star. The tool we developed considers concentric annuli around the center of light of the primary to evaluate its halo. Although the principle is straightforward, great caution was taken in the implementation, especially in the computation of the intersection of the annulus with the pixels to allow the use of annuli with a sub-pixel width. The contribution of each pixel to different annuli is thus solved first, and the median flux of each annulus is computed, and subtracted from each pixel accordingly.
The position and flux of the satellite, relative to the primary, is then measured by fitting a 2-D Gaussian function to the halosubtracted image. The satellites are distinguished from speckles by comparing different images, taken both close in time and over a range of times. To estimate the uncertainties on the position and apparent flux of both the primary and the satellites, we use different integration apertures for each object. The sizes of the apertures are determined by fitting a 2-D Gaussian to each, with diameters typically being 5 to 150 pixels for the primary, and 3 to 15 pixels for the satellites. The reported positions and apparent magnitudes (Tables A.5 and A.6) are the average of all fits (after removal of outlier values), and the reported uncertainties are the standard deviations.
Orbit determination with Genoid
We use our algorithm Genoid (GENetic Orbit IDentification, Vachier et al., 2012) to determine the orbit of the satellites. Genoid is a genetic-based algorithm that relies on a metaheuristic method to find the best-fit (i.e., minimum χ 2 ) suite of dynamical parameters (mass, semi-major axis, eccentricity, inclination, longitude of the node, argument of pericenter, and time of passage to pericenter) by refining, generation after generation, a grid of test values (called individuals).
The first generation is drawn randomly over a very wide range for each parameter, thus avoiding a miss of the global minimum from inadequate initial conditions. For each individual (i.e., set of dynamical parameters), the χ 2 residuals between the observed and predicted positions is computed as
where N is the number of observations, and X i and Y i are the relative positions between the satellite and Camilla along the right ascension and declination respectively. The indices o and c stand for observed and computed positions, and σ are the measurement uncertainties.
A new generation of individuals is drawn by mixing randomly the parameters of individuals with the lowest χ 2 from the former generation. This way, the entire parameter space is scanned, with the density of evaluation points increasing toward low χ 2 regions along the process. At each generation, we also use the best individual as initial condition to search for the local minimum by gradient descent. The combination of genetic grid-search and gradient descent thus ensures finding the best solution.
We then assess the confidence interval of the dynamical parameters by considering all the individuals providing predictions within 1, 2, and 3 σ of the observations. The range spanned by these individuals provide the confidence interval at the corresponding σ level for each parameter.
The reliability of Genoid has been assessed during a stellar occultation by (87) Sylvia and its satellites Romulus and Remus on January 6, 2013: Genoid had been used to predict the position of Romulus before the event, directing observers to locations specifically to target the satellite. Four different observers detected an occultation by Romulus at only 13.5 km off the predicted track (the cross-track uncertainty was 65 km, Berthier et al., 2014) .
Orbit of S1: S/2001 (107) 1
We measured 80 astrometric positions of the satellite S1 relative to Camilla over a span of 15 years, corresponding to 5642 days or 1520 revolutions. The orbit we derive with Genoid fits all 80 observed positions of the satellite with a root mean square (RMS) residual of 7.8 milli-arcseconds (mas) only, which corresponds to a sub-pixel accuracy. S1 orbits Camilla on a circular, prograde, equatorial orbit, in 3.71 days with a semi-major axis of 1248 km. We detail all the parameters of its orbit in Table 1 , with their confidence interval taken at 3 σ. The distribution of residuals between the observed and predicted positions, normalized by the uncertainty on the measured positions, are plotted in Fig. 2 . The orbit we determine here is qualitatively similar to the one given by Marchis et al. (2008a) , while much better constrained: we fit 80 astrometric positions over 15 years with an RMS residual of 7.8 mas, compared to their fit of 23 positions over less than 3 years with an RMS residual of 22 mas. The much longer time span of observations provides a much more stringent constraint on the period (3.712 34 ± 0.000 04 day) of S1, compared to the value of 3.722 ± 0.009 day reported by Marchis et al. (2008a) .
As a result, we determine a much more precise mass for Camilla of (1.12 ± 0.01) × 10 19 kg (3 σ uncertainty), about 1% of the mass of Ceres (Carry, 2012) . We list in Table B .1 the reported values of the mass of Camilla found in the literature. Our mass value agrees well with the average value (1.10 ± 0.69) × 10 19 kg we show in Table B .1, although the mass estimates derived from orbital deflection and solar system ephemerides have a large scatter (see Carry, 2012 , for a discussion on the precision and bias of mass determination methods). Our determination significantly reduces the uncertainty in the prior value of (1.12 ± 0.09) × 10 19 kg, that also used the orbit of S1 (Marchis et al., 2008a) .
Orbit of S2: S/2016 (107) 1
We measured 11 astrometric positions of the satellite S2 relative to Camilla during 2015 and 2016, corresponding to 428 These observations correspond to three well-separated epochs: -May-29, 2016 -Jul-12, and 2016 , providing the minimum needed to constrain the orbit. Thus, although the orbit we determine with Genoid fits all 11 observed positions of S2 with an RMS residual of only 5.0 mas and yields reliable values for the major orbital elements, details of all orbital parameters will require further observations.
S2 orbits Camilla in 1.38 days with a semi-major axis of 644 km. We detail all the parameters of its orbit in Table 1 and present the distribution of residuals between the observed and predicted positions in Fig. 3 . Unlike S1, its orbit seems neither equatorial nor circular. While cognizant of the larger uncertainties, we favor an orbit inclined to the equator of Camilla by an angle Λ of 32 ± 28
• (Fig. 4) , and a more eccentric orbit (e=0.18 +0.23 −0.18 ). Although a circular orbit, co-planar with S1 is marginally within the range of uncertainty, such a solution results in significantly higher residuals. This configuration of an outer satellite on a circular and equatorial orbit with an inner satellite on an inclined and more eccentric orbit has already been reported for other triple systems: (45) Eugenia, (87) Sylvia, and (130) Elektra Fang et al., 2012; Berthier et al., 2014; Yang et al., 2016; Drummond et al., 2016) . Table 1 : Orbital elements of the satellites of Camilla, S1 and S2, expressed in EQJ2000, obtained with Genoid: orbital period P, semi-major axis a, eccentricity e, inclination i, longitude of the ascending node Ω, argument of pericenter ω, time of pericenter t p . The number of observations and RMS between predicted and observed positions are also provided. Finally, we report the derived primary mass M, the ecliptic J2000 coordinates of the orbital pole (λ p , β p ), the equatorial J2000 coordinates of the orbital pole (α p , δ p ), and the orbital inclination (Λ) with respect to the equator of Camilla. Uncertainties are given at 3-σ.
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4. Surface properties
Data processing
We measured the near-infrared spectra of Camilla and its largest satellite S1 using the SPHERE/IRDIFS data. Telluric features were removed, and the reflectance spectra were obtained by observing the nearby solar type star HD139380.
Similarly to previous sections, the bright halo of Camilla that contaminated the spectrum of the moon was removed. This was achieved by measuring the background at the location of the moon for each pixel as the median value of the area defined as a 40×1-pixel arc centered on Camilla. To estimate the uncertainty and potential bias on photometry introduced by this method, we performed a number of simulations in which we injected fake companions on the 39 spectral images of the spectro-imaging cube, at separation (≈300 mas) and random position angles from the primary. The simulated sources were modeled as the PSF, from the calibration star images, scaled in brightness.
The halo from Camilla was then removed from these simulated images using the method described above, and the flux of the simulated companion measured by adjusting a 2D-Gaussian profile. Based on a total statistics of 500 simulated companions, we find that the median loss of flux at each wavelength is 11±10%. A spectral gradient is also introduced by our technique, but it is smaller than 0.06±0.07% ·µm −1 . The spectra of Camilla and S1, normalized at 1.1 µm, are shown in Fig. 5. 
Spectrum of Camilla
We combine the near-infrared spectrum we acquired at NASA IRTF (Section 2.5) with the visible spectrum from SMASS (Bus and Binzel, 2002a,b) and analyze them with the M4AST 4 (Modeling for Asteroids, Popescu et al., 2012) suite of Web tools to determine asteroid taxonomic classification, mineralogy, and most-likely meteorite analog. From this longer wavelength range, we found Camilla to be an Xk-type asteroid (using Bus-DeMeo taxonomic scheme, Fig. 5 , DeMeo et al., 2009) . The low albedo of Camilla (0.059 ± 0.005, taken as the average of the estimates by Morrison and Zellner, 2007; Tedesco et al., 2002; Ryan and Woodward, 2010; Usui et al., 2011; Masiero et al., 2011) , hints at a P-type classification, using the Tedesco et al. (1989) scheme.
Although the best spectral match is formally found for an Enstatite Chondrite EH5 meteorite (Queen Alexandra Range, Antarctica origin, maximum size of 10 µm), the low albedo of Camilla argues for a different type of analog material. The composition of P-type asteroids is indeed difficult, if not impossible, to infer from their visible and near-infrared spectra owing to the lack of absorption bands.
Recently, Vernazza et al. (2015) have shown that anhydrous chondritic porous interplanetary dust particules (IDPs) were likely to originate from D-and P-types asteroids, based on spectroscopic observations in the mid-infrared of outer-belt D-and P-type asteroids, including Camilla. The mixture of olivine-rich and pyroxene-rich IDPs they used was compatible with the visible and near-infrared spectrum of Camilla. As such, the surface of Camilla, and more generally of D-and P-types, is very similar to that of comets, as already reported by Emery et al. (2006) from the spectroscopy of Jupiter Trojans in the mid-infrared, revealing the presence of anhydrous silicates.
Spectrum of S1
As visible in Fig. 5 , the spectrum of S1 is similar to that of Camilla. No significant difference in slope nor absorption band can be detected. This implies that the two components are spectraly identical from 0.95 to 1.65 µm, within the precision of our measurements. Such a similarity between the components of multiple systems have already been reported for several other main-belt asteroids: (22) Kalliope (Laver et al., 2009) , (90) Antiope Marchis et al., 2011) , (130) Elektra , and (379) Huenna .
Such spectral similarity, together with the main characteristics of the orbit (prograde, equatorial, circular) supports an origin of these satellites, here for S1 in particular, by impact and reaccumulation of material in orbit (see Margot et al., 2015 , for a review). Formation by rotational fission is unlikely owing to the rotation period of Camilla (4.84 h).
Physical properties
Data processing
We used the optical lightcurves without modification, only converting their heterogeneous formats from many observers to the usual lightcurve inversion format (Ďurech et al., 2010) . For the occultation observations, the location of observers, together with their timings of the disappearance and the reappearance of the star, were converted into chords on the plane of the sky, using the recipes from Berthier (1999) . Finally, the 2-D profile of the apparent disk of Camilla was measured on the AO images, deconvolved using the Mistral algorithm (Fusco, 2000; Mugnier et al., 2004) , the reliability of which has been demonstrated elsewhere (Witasse et al., 2006) , using the wavelet transform described in Carry et al. (2008 Carry et al. ( , 2010b .
3-D shape modeling with KOALA
We used the multi-data inversion algorithm Knitted Occultation, Adaptive-optics, and Lightcurve Analysis (KOALA), which determines the set of rotation period, spin-vector coordinates, and 3-D shape that provide the best fit to all observations simultaneously (Carry et al., 2010a) .
The KOALA algorithm minimizes the total
Occ that is composed of the individual contributions from light curves (LC), profiles from disk-resolved images (AO), and occultation chords (Occ). Adaptive optics and occultation data are weighted with respect to the lightcurves with parameters w AO and w Occ , respectively. Within each type of data, all the epochs are weighted uniformly. The optimum values of these weights can be objectively obtained following the approach of Kaasalainen (2011) .
This method has been spectacularly validated by the images taken by the OSIRIS camera on-board the ESA Rosetta mission during its flyby of the asteroid (21) Lutetia . Before the encounter, the spin and 3-D shape of Lutetia had been determined with KOALA, using lightcurves and AO images (Carry et al., 2010b; Drummond et al., 2010) . A comparison of the pre-flyby solution with the OSIRIS images showed that the spin vector was accurate to within 2
• and the diameter to within 2%. The RMS residual in the surface topography between the KOALA predictions and the OSIRIS images was only 2 km, for a 98 km-diameter asteroid . : Visible and near-infrared spectrum of Camilla from IRTF (green and black dots) and SPHERE (red squares, offset by +0.1), and its moon S1 from SPHERE (blue triangles, offset by -0.15). Gray areas represent the wavelength ranges affected by water vapour in the atmosphere. All spectra were normalized to unity at one micron. Overplot to the IRTF spectra is the Bus-DeMeo Xk class.
Spin and 3-D shape of Camilla
We used 127 optical lightcurves, 34 profiles from diskresolved imaging, and 7 stellar occultation events to reconstruct the spin axis and 3-D shape of Camilla. The model fits well the entire data set, with mean residuals of only 0.03 mag for the lightcurves (Figs. 6, C.1 ), 0.29 pixel for the images (Fig. 7) , and 0.35 s for the stellar occultations (Fig. 8) . There are small local departures of the shape model from the stellar occultation chords that can be due to local topography not modeled with our low-resolution shape model.
The rotation period and coordinates of the spin axis (Table 2) agree very well with previous results from lightcurveonly inversion and convex shape modeling (Torppa et al., 2003; Durech et al., 2011; Hanuš et al., 2016) , as well as models obtained by combining lightcurves and smaller subsets of the present AO data (respectively 3 and 21 epochs, see Hanuš et al., 2013 Hanuš et al., , 2017 . The shape of Camilla is far from a sphere, with a strong ellipsoidal elongation along the equator (a/b axes ratio of 1.37 ± 0.12, see Table 2 ). Departures from the ellipsoid are, however, limited, and mainly consist in two large circular basins, reminiscent of impact craters (Fig. 9) .
The spherical-volume-equivalent diameter of Camilla is found to be 254 ± 36 km (3 σ), in excellent agreement with the recent determination by Hanuš et al. (2017) based on a similar data set. Both estimates are high compared to diameter estimates from infrared observations with IRAS, AKARI, or WISE (Tedesco et al., 2004; Ryan and Woodward, 2010; Usui et al., 2011; Masiero et al., 2011, see Table B .2). However, diameter determinations by mid-IR radiometry are based on diskintegrated fluxes. In the case of highly elongated targets like Camilla, the projected area is often smaller than the average area as shown in Table B .3. Averaging disk-integrated fluxes may thus underestimate the average diameter.
The agreement of the 3-D models by Hanuš et al. (2017) and developed here with lightcurves, disk-resolved images, and stellar occultation timings, providing direct size measurements, indeed argues for Camilla being larger than previously thought. The corresponding volume is 8.5 ± 1.2 ·10 6 km 3 . The uncertainty on the volume matches closely that of the diameter (δV/V ≈ δD/D) in the case of 3-D shape modeling, as shown by Kaasalainen and Viikinkoski (2012) , because it derives from the uncertainty on the radius of each vertex, which are correlated (unlike in the case of scaling a sphere). 
Diameter of S1
We list in Table A .5 and display in Fig. 11 the 65 measured brightness differences with an uncertainty lower than 1 magnitude between Camilla and its largest satellite S1. We found a normal distribution of measurement, as expected from photon noise, and measure an average magnitude difference of ∆m = 6.51 ± 0.27, similar to the value of 6.31 ± 0.68 reported by Marchis et al. (2008a) on 22 epochs.
Using the diameter of 254 ± 36 km for Camilla (Sect. 5.3) and assuming S1 has the same albedo as Camilla itself (supported by their spectral similarity, see Section 4.3), this magnitude difference implies a size of 12.7 ± 3.5 km for S1, smaller than previously reported.
Diameter of S2
We list in Table A .6 and display in Fig. 12 the 11 measured brightness differences between Camilla and its smaller satellite S2. We measure an average magnitude difference of ∆m = 9.0 ± 0.3 (already reported upon discovery, see Marsset et al., 2016) .
Using the diameter of 254 ± 36 km for Camilla (Sect. 5.3) and assuming S2 has the same albedo as Camilla itself as we did for S1, this magnitude difference implies a size of 4.0 ± 1.2 km for S2.
Discussion
Internal Structure
Using the mass derived from the study of the dynamics of the satellites and the volume from the 3-D shape modeling, we infer a density of 1,280 ± 130 kg·m −3 (3 σ uncertainty), in agreement with previous reports by Marchis et al. (2008a) and Hanuš et al. (2017) . This highlights how critically the density relies on accurate volume estimates: the summary of previous diameter determinations (Table B. 2), mainly based on indirect techniques, leads to a density of 1,750 ± 1,400 kg·m −3 (3 σ uncertainty, Carry, 2012).
The low density found here is comparable to that of (87) Sylvia, a P-type of similar size, also orbiting in the Cybele region , and the D-/P-type Jupiter Trojans (617) Patroclus and (624) Hektor (Mueller et al., 2010; Marchis et al., 2014; Buie et al., 2015) . As mentioned above (4.2), the most-likely analog material for this type of asteroids are IDPs . There is no measurement of IDP density in the laboratory. However, a density of 3,000·m −3 for the silicate phase was reported by the StarDust mission (Brownlee et al., 2006) . Because these silicates are mixed with organic carbonaceous particles (≈2,200·m −3 ), the density of the bulk material is likely of ≈2,600·m −3 (Greenberg, 2000; Pätzold et al., 2016) . A macroporosity of 50 ± 9% would thus be required to explain the density of Camilla, i.e., half of its volume would be occupied by voids. Because the pressure inside Camilla reaches 10 5 Pa less than 15 km from its surface (90% of the radius), it is unlikely that its structure can sustain such large voids. While silicate grains crush at 10 7 Pa, larger structures will not resist pressure significantly smaller, as the compressive strength decreases as the power -1/2 of the size (Lundborg, 1967; Britt et al., 2002 ).
An alternate explanation to the low density of Camilla may be that it contains large amounts of water ice. An absorption band due to hydration at 3 µm was indeed reported by Takir and Emery (2012) , whose shape is similar to those of the nearby (24) Themis and (65) Cybele and interpreted as water frost coating on surface grains (Campins et al., 2010; Licandro et al., 2011) . Because water ice sublimates on airless surfaces at the heliocentric distance of Themis, Camilla, and Cybele, the ice on the surface must be replenishment from sub-surface reservoir(s) (Rivkin and Emery, 2010) , as it occurs on (1) Ceres (A'Hearn and Feldman, 1992; Rousselot et al., 2011; Küppers et al., 2014; Combe et al., 2016 ).
We thus investigate the possible range of dust-to-ice mass ratios as function of macroporosity in Camilla (Fig. 13) . As expected, the porosity decreases with higher ice content and reaches 10-30% for dust-to-ice mass ratios of 1-6. Therefore, the volume occupied by dust, ice, and voids would be 33 ± 10%, 47 ± 19%, and 20 ± 10% respectively, the latter being preferentially found in the outer-most volume of the asteroid body.
To test this, we compute the gravitational potential quadrupole J 2 = 0.042 ± 0.004 of the 3-D shape model (Sect. 5.3) under the assumption of a homogeneous interior using the method of Dobrovolskis (1996) . Because the orbit of S1 fits 80 astrometric positions over 15 years to measurement accuracy under the assumption of a null J 2 (3.3), the mass distribution in Camilla must be more concentrated at the center, with a denser core, than suggested by its shape. Similar internal structure has already been suggested for (87) Sylvia and (624) Hektor by Berthier et al. (2014) and Marchis et al. (2014) . Considering a core of pure silicate, and an outer shell of porous ice matching the masses above, the core radius would be 87 ± 8 km or 68 ± 7% of the radius of Camilla. Additional observations of S2 to determine precisely its orbit are now required to test further the internal structure of Camilla.
Future characterization of Camilla triple system
Owing to the large magnitude difference between Camilla and its satellites (6.5 and 9 mag.), constraining the size and orbit of the satellites by photometric observations of mutual event (eclipses and occultations, see, e.g., Scheirich and Pravec, 2009; Carry et al., 2015) is not feasible. Observation of S2 will therefore rely on direct imaging such as presented here, or stellar occultations which can moreover provide a direct measurement of the diameter of the satellites. To this effect, we list in Table D .1 a selection of stellar occultations that will occur in the next three years.
Similarly to our work on (87) Sylvia which led to the observation of a stellar occultation by its satellite Romulus , we will continuously update the occultation path of Camilla and of its satellites, for these events. The precision of such predictions will benefit from each successive data release of the ESA Gaia astrometry catalogs (Tanga and Delbo, 2007; Gaia Collaboration et al., 2016; Spoto et al., 2017) , that will reduce the uncertainty on the path of Camilla itself to a few kilometers. The uncertainty on the occultation path of the satellites will then mostly derive from the uncertainty on their orbital parameters, and we provide them in Table D .1. The orbit of S2 being little constrained, the uncertainty on its position for upcoming occultations is very large. Initial improvement must thus rely on direct imaging of the system.
Summary
In the present study, we have acquired and compiled optical lightcurves, stellar occultations, visible and near-infrared spectra, and high-contrast and high-angular-resolution images and spectro-images from the Hubble Space Telescope and large ground-based telescopes (Keck, Gemini, VLT) equipped with adaptive-optics-fed cameras.
Using 80 positions spanning 15 years, we study the dynamics of the largest satellite, S1, and determine its orbit around Camilla to be circular, equatorial, and prograde. The residuals between our dynamical solution and the observations are 7.8 mas, corresponding to a sub-pixel accuracy. Using 11 positions of the second, smaller, satellite S2 that we discovered in 2015, we determine a preliminary orbit, marginally inclined from that of S1 and more eccentric. Predictions of the relative position of the satellite with respect to Camilla, critical for planning stellar occultations for instance, are available to the community through our VO service Miriade 5 .
From the visible and near-infrared spectrum of Camilla, we classify it as an Xk-type asteroid, in the Bus-DeMeo taxonomy (DeMeo et al., 2009 ). Considering its low albedo, it would be classified as a P-type in older taxonomic schemes such as Tedesco's (Tedesco et al., 1989) . Using VLT/SPHERE integralfield spectrograph, we measure the near-infrared spectrum of the largest satellite, S1, and compare it with Camilla. No significant differences are found. This, together with its orbital parameters, argue for a formation of the satellite by excavation from impact, re-accumulation of ejecta in orbit, and circularization by tides.
Using optical lightcurves, profiles from disk-resolved imaging, and stellar occultation events, we determine the spin-vector coordinates and 3-D shape of Camilla. The model fits well each data set, and we find a spherical-volume-equivalent diameter of 254 ± 36 km. By combining the mass from the dynamics with the volume of the shape model, we find a density of 1,280 ± 130 kg·m −3 . Considering Camilla's most likely analog material are IDPs, this implies a macroporosity of 50 ± 9%, likely too high to be sustained. By considering a mixture of ice and silicate, the macroporosity could be in the range 10-30% for a dust-to-ice mass ratio of 1-6, the denser material being concentrated toward the center as suggested by the dynamics of the system. We thank the AGORA association which administrates the 60 cm telescope at Les Makes observatory, under a financial agreement with Paris Observatory. Thanks to A. Peyrot, J.-P. Teng for local support, and A. Klotz for helping with the robotizing.
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We thank J.Ďurech for providing his implementation of Dobrovolskis (1996) method.
The authors acknowledge the use of the Virtual Observatory tools Miriade 6 , MP 3 C 7 , TOPCAT 8 , and STILTS 9 (Taylor, 2005) . This research used the facilities of the Canadian Astronomy Data Centre operated by the National Research Council of Canada with the support of the Canadian Space Agency (Gwyn et al., 2012) . Figure 11: Distribution of the magnitude differences between Camilla and its largest satellite S1, compared with previous report from Marchis et al. (2008a) . The dashed black line represents the normal distribution fit to our results, with a mean and standard deviation of 6.51 ± 0.27. Figure 12 : Distribution of the magnitude differences between Camilla and its second satellite S2. The dashed black line represents the normal distribution fit to our results, with a mean and standard deviation of 9.0 ± 0.3. Figure 13 : Top: Dust density as function of its volumetric fraction for different porosities (10, 30, 50%). The expected range from pure organics to pure silicates is represented in shaded gray. Expected range is highlighted in gold. Bottom: Dust-to-ice mass ratios as function of the volumetric fraction of dust. Figure B .1: Mass estimates of (107) Camilla gathered from the literature, see Table B .1 for details. Figure B .2: Diameter estimates of (107) Camilla gathered from the literature, see Table B .2 for details. Table B .1: The mass estimates (M) of (107) Camilla collected from the literature. For each, the 3 σ uncertainty, method, selection flag, and bibliographic reference are reported. The methods are bin: Binary, defl: Deflection, ephem: Ephemeris. ..." Table B .3: Spherical-equivalent diameter (D e ) of the shape model of Camilla projected on the plane of the sky as seen from IRAS, AKARI, and WISE Tedesco et al. (2004) ; Usui et al. (2011); Masiero et al. (2011) . Owing to the elongated shape of Camilla, the 2-D diameter often underestimates the spherical-volume equivalent diameter.
Figure C.1: The optical lightcurves of Camilla (grey spheres), compared with the synthetic lightcurves generated with the shape model (black lines). On each panel, the observing date, number of points, duration of the lightcurve (in hours), and RMS residuals between the observations and the synthetic lightcurves from the shape model are displayed. In many cases, measurement uncertainties are not provided by the observers but can be estimated from the spread of measurements. 
